Abstract Background: The orientation of the acetabular cup component of a total hip arthroplasty can be evaluated in a number of ways, utilizing a myriad of imaging techniques and measurement parameters, including intraoperative surgical estimates, postoperative radiographs, and cross-sectional imaging such as computed tomography (CT) and magnetic resonance imaging (MRI). Questions/Purposes: How do traditional versus corrected measurements of acetabular version vary from one another based on the inclination of the cup? What is the reliability of the corrected acetabular version measurements based on interobserver and intraobserver consistency? Patients and Methods : Two fellowship-trained musculoskeletal radiologists reviewed CT scans on 60 total hip arthroplasties. Acetabular inclination, traditional CT acetabular version, and CT acetabular version corrected for inclination (by utilizing multi-planar reformations to measure in the plane of the cup face) were each measured. The difference was then calculated between the "traditional" axial CT and "corrected" acetabular version measurements, and the association between this difference and the acetabular inclination was assessed. Results: The "traditional" axial CT and "corrected" acetabular version measurements differed from one another in every case, with the traditional method yielding a version measurement that was on average 9.5°higher than the corrected technique. However, as the acetabular cup inclination angle decreased, the "traditional" measurement became more variable and increasingly discordant with the "corrected" version measurement. Conclusions: There is inherent variability between the many methods utilized for defining and measuring acetabular version, with axial CT measurements often used as an accepted proxy for true cup anteversion. However, the variability between different measurement techniques is correlated with acetabular inclination, and this variability is most pronounced when acetabular inclination is low, ultimately leading to potential confusion in measurement terminology. The increasingly widespread availability of multi-planar CT reformations provides an opportunity to standardize methodology, eliminate the impact of inclination on acetabular version measurements, and potentially provide a more reliable comparison of the impact of cup orientation on surgical outcomes.
Introduction
Accurate placement and orientation of the acetabular and femoral components of a total hip arthroplasty are crucial for the prevention of arthroplasty dislocation, premature component wear, and limited postoperative range of motion [5, 8, 10, 11] . Component orientation can be evaluated in a number of ways, utilizing a myriad of imaging techniques and measurement parameters. Intraoperative surgical estimates, postoperative radiographs, and cross-sectional imaging such as computed tomography (CT) and magnetic resonance imaging (MRI) have all been used to evaluate arthroplasty orientation [1, 3, 4, 12, 15] . To discuss the evaluation of arthroplasty orientation, it is thus important to first understand and define the terms utilized to describe acetabular cup position.
While there are numerous methods of defining acetabular version anatomically and radiographically [1, 6, 9, 11, 13] , the most commonly used method for radiographic analysis is the one proposed by Woo and Morrey [19] , namely the "angle formed by a line drawn tangential to the face of the acetabulum and a line perpendicular to the horizontal plane, as seen on a lateral view of the pelvis." For evaluating the orientation of the acetabular cup component, CT has also demonstrated utility [1, 2, 12, 14, 16] , and CT with multiplanar reformation has been demonstrated to be more accurate than intraoperative surgical estimates or radiographs [18] . Authors most frequently define CT version of the acetabulum by presenting an axial CT image of the pelvis (Fig. 1) . The most anterior and posterior points of the prosthetic cup are marked and a straight line is drawn. The angle between this line and the sagittal plane of the body (defined as a line perpendicular to two identical points on either side of the pelvis) is described as the version. Authors thus define version as anterior (anteversion) if the angle opens to the front of the pelvis and posterior (retroversion) if it opens to the back of the pelvis [7, 18] (Fig. 1) .
"Degrees of anteversion" as reported in research literature is thus an imprecise term if the specific measurement technique utilized is not defined and understood by the manuscript audience. Furthermore, there is a temptation to use "anteversion" as measured utilizing a cross-table lateral radiograph and "anteversion" as measured on an axial CT interchangeably, while these numbers in fact differ, and the discrepancy between these two methods is not independent of the inclination of the cup [17] . As the inclination of the cup changes, the axis of rotation that determines the version of the cup changes its position in the coronal plane, and observing or radiographing the cup along the right-left axis or top-bottom axis demonstrates progressive change in the contour of the base of the cup (Fig. 2a, b) . If one considers the extreme example of an acetabular inclination angle of zero, a "traditional version" axial CT measurement obtained by drawing a line tangential to the acetabular face and along the sagittal plane would always yield a version measurement of 90°regardless of the true position of the acetabular axis. However, in the same situation (acetabular inclination angle of zero), a "reformatted/corrected" measurement obtained by drawing a line tangential to the acetabular face and along the transverse plane would reveal whether cup anteversion or retroversion was truly present. We therefore propose utilizing a "corrected" measurement of CT version that effectively creates a line tangential to the face of the acetabular cup (as would be seen with a cross-table lateral radiograph) and eliminates the impact of acetabular inclination on CT measurement of acetabular cup version. Preliminary work by the primary investigator [6] suggests this corrected method is more accurate when compared with an in vitro model as the gold standard.
We addressed two main questions: (1) How do traditional versus corrected CT measurements of acetabular version vary from one another based on the inclination of the acetabular cup? (2) What is the reliability of the corrected acetabular version measurement based on interobserver and intraobserver consistency?
Patients and Methods
Institutional IRB approval was sought and obtained for all aspects of this project. Two musculoskeletal radiologists with 51 years of combined radiology experience independently reviewed CT scans of the pelvis or hip in 48 sequential hip arthroplasty patients, yielding retrospective data on 60 total hip arthroplasties. CT images were obtained on a Philips Brilliance 64 slice CT scanner and Philips Brilliance 16 slice CT scanner (Philips Healthcare 3000 Minuteman Road, Andover MA 01810). The imaging data for each case was anonymized prior to interpretation and stored in an online database where patient identification was removed, and the interpreting radiologists were blinded to prior measurements.
The arthroplasty procedures reviewed were performed by a range of orthopedic surgeons both within and outside our institution, and patients from more than a dozen individual surgeons were reviewed. Patient ages ranged from 26 to 90 years old, and the most common indication for arthroplasty was osteoarthritis.
Acetabular inclination (as measured on the CT scout image), traditional CT acetabular version (as measured on axial CT images), and CT acetabular version corrected for inclination (via multi-planar reformation performed on a Sectra workstation) were each measured in a randomized order as assigned by a research coordinator. Each radiologist then made a second measurement of the inclination, version, and corrected version at a separate time point and in a different order, resulting in a total of four measurements per data point and 12 measurements per hip. Inter-and intraobserver reliability was analyzed for each measurement parameter.
Acetabular inclination measurements were obtained by drawing a line tangential to the face of the acetabular cup on the anteroposterior (AP) CT scout image and calculating the angle relative to a line drawn tangential to the ischial tuberosities as described by Murray et al. (Fig. 3) .
Version measurements were obtained utilizing two techniques. First, "traditional" CT version measurements were made on axial CT images by drawing a line tangential to the face of the acetabular cup on a single axial CT image obtained at the center of the cup (identified via crossreference to the CT scout image) and calculating the angle relative to the sagittal plane of the body as defined by a line drawn perpendicular to a line traversing two corresponding points across the pelvis (see Fig. 1 above) .
"Corrected" version measurements were obtained by utilizing multi-planar reformations performed on a Sectra IDS7 v12.5 PACS workstation (Sectra AB Teknikringen 20, SE-583 30 Linköping Sweden). The sagittal imaging plane was rotated along its axis to be perpendicular to the face of the acetabular cup, bringing it in line with the "acetabular axis" as defined by Murray (Fig. 4a) [13] . Acetabular version was then measured from the reformatted sagittal plane by drawing a line tangential to the face of the acetabular cup and calculating the angle relative to the transverse (axial) plane of the body (Fig. 4b) .
This "corrected" imaging approach approximates an Xray beam oriented along the face of the acetabular cup in a cross-table lateral radiograph (similar to the Woo and Morrey radiographic technique) and eliminates variations in version measurements that may be seen when measuring in the transverse or axial plane, resulting in a constant version measurement at all points along the face of the acetabular cup regardless of cup inclination.
Absolute difference was calculated between the "traditional" axial CT and "corrected" acetabular version measurements, and the association between this difference and the acetabular inclination angle (as measured on the CT scout image) was assessed by Pearson correlation coefficient (rho). Intraclass correlation coefficient (ICC) was used to measure intra-and interobserver reliability.
Results
The "traditional" axial CT and "corrected" acetabular version measurements differed from one another in every case as expected, with the traditional measurement being on average 9.5°higher than the corrected version measurement. However, the degree of absolute discrepancy demonstrated a statistically significant increase as the acetabular inclination angle decreased (Pearson correlation coefficient (rho) = −0.47, p value=0.0002) (Fig. 5) . There was no decrease in reproducibility when utilizing multi-planar reformation techniques for CT version measurement. Intraobserver reliability as measured by ICC was 0.98 for both radiologists (0.96-0.98 bounds) for traditional methods and 0.95-0.97 (0.95-0.98 bounds) for corrected acetabular version measurements. Interobserver reliability as measured by ICC was 0.98 (0.95-0.99 bounds) for the traditional method, while interobserver reliability for corrected version measurements was 0.95 (0.92-0.98 bounds). Both traditional and corrected measurements of version were within the statistically acceptable range based on GLM statistical analysis.
Discussion
Proper understanding of the version and inclination of the acetabular component of a hip prosthesis is essential for the measurements of these angles. These two angles are paramount in the assessment of a hip prosthesis and have significant role in the ultimate clinical outcomes of these arthroplasty procedures. We demonstrate in this study that the most commonly utilized CT technique for measuring acetabular version has inherent variability that is correlated with acetabular inclination and that a "corrected" method of CT measurement which is independent of acetabular inclination is no less reproducible when compared with the axial measurement method.
There are several limitations to this study. First, the AP scout image is not actually an AP radiograph and is thus obtained with the patient supine rather than standing. This has the potential to lead to discrepancies in the measured inclination of the cup if the pelvis is in a different state of tilt. Second, while there is literature to support the higher accuracy of multi-planar CT reformations as compared to other methods, there is no consensus "gold standard" for which method is the most accurate reflection of the true orientation of the cup. Finally, not all institutions have access to software packages that allow easy multi-planar reformations. However, this software post-processing capability is rapidly becoming widely available, and we feel that increasing awareness of the potential limitations of axial anteversion/ retroversion declarations still holds merit.
Only CT scans with multi-planar reformation capability allow retroactive manipulation of the imaging data to create a true measurement along the axis of rotation of the cup. All version measurements performed with the CT scan can be made independently of the position of the patient on the CT scanner table and can be determined based on reformatted CT images. This type of analysis allows for true comparison of "version" between research subjects, without the variability introduced by differing cup inclination or patient position. Previous work has demonstrated that CT measurements are as accurate or more accurate than radiographs when compared with intraoperative or in vitro model standards [6] ; however, the obliquity or inclination of the acetabulum has been shown to have an impact on measured acetabular version [17] .
Thus, it is our opinion that acetabular version measurements should be performed along the axis of rotation of the cup, regardless of its position in the coronal plane. Such measurement requires no correction for inclination since one is always imaging along the base of the cup. CT imaging with multi-planar reformation allows the imager to easily view the acetabular cup along its axis of rotation with a few simple manipulations of the images, allowing the version of the cup to be evaluated accurately. Furthermore, this method can be applied regardless of what type of computed navigation was used intraoperatively and can be created and interpreted without sacrificing the reproducibility which has been previously demonstrated by CT [2, 12, 18] .
While there are many methods for defining and measuring acetabular version, accurate description is ultimately an important part of post-arthroplasty evaluation and outcomes research.
Our analysis demonstrates that the inherent variability between these measurement methods is further exacerbated by low acetabular inclination. We therefore feel that the most consistent and reproducible measurements should take advantage of the isotropic data obtained with modern multidetector CT and eliminate the impact of inclination via multi-planar reformation. This method for calculating acetabular version is rapid, reproducible, and would allow more direct comparisons between arthroplasty techniques and the subsequent clinical and radiologic outcomes of those techniques.
The ability to perform multi-planar reformation on axially acquired CT data has already changed the way that many imaging queries are approached in other spheres of medicine. The evaluation of acetabular version following hip arthroplasty is an excellent opportunity to apply the technique in a context that will improve reproducibility and applicability when compared to the myriad of other potential techniques available for acetabular version evaluation.
